in human omental and subcutaneous fat cells were studied as functions of adipose cell size and number in adult females. Since subcutaneous fat cells were larger than those prepared from the greater omentum, a comparison could be made of the metabolism of different sizes of cells within individual subjects. Rates per cell of glyceride-glycerol and glyceride-fatty acid synthesis from glucose were similar in omental and subcutaneous fat cells incubated in the presence or absence of insulin. However, subcutaneous fat cells exhibited higher rates of basal lipolysis than omental fat cells and these differences were maintained when lipolysis was stimulated with theophylline. Different rates of lipolysis were not demonstrable after incubations with epinephrine, indicating that subcutaneous fat cells were less responsive to this hormone than smaller omental fat cells. Correlation and partial correlation analysis showed that differences in basal and theophylline-stimulated lipolysis between fat cells prepared from different subjects and between omental and subcutaneous fat cells could be accounted for A precise evaluation of the influence of adipose cell enlargement on its function requires that metabolic studies be performed on fat cells of different sizes prepared from the same fat depot. In the present investigation we have used an indirect approach to the problem, taking advantage of the fact that human subcutaneous fat cells are generally larger than those prepared from the greater omentum. It was thus possible to carry out paired comparisons in vitro of the metabolism of differently sized fat cells derived from a common in vivo internal environment. The data from different subjects were also examined to determine whether there was a correlation between the volume and metabolism of a fat
INTRODUCTION
Obese humans exhibit a number of metabolic abnormalities including high concentrations of plasma insulin (1) Received for publication 20 October 1969 and in revised form 3 February 1970. and elevated rates of turnover of plasma free fatty acids and triglycerides (2) . Such individuals are also resistant to the effects of exogenous insulin in vivo (3) and their adipose tissue is relatively unresponsive to this hormone in vitro (4). Randle, Garland, Hales, and Newsholme (5) have proposed that the primary defect which causes insulin resistance in obesity is located in adipose tissue and muscle. This concept has gained support from the observations of Salans, Knittle, and Hirsch (4) that the ability of human adipose tissue and rat epididymal fat cells to oxidize glucose in response to insulin is an inverse function of cell lipid content. Similarly, an inverse relationship between adipose cell volume and the effects of insulin on the uptake and esterification of chylomicron triglyceride fatty acids has been demonstrated in rat epididymal fat pads (6) . However, an interpretation of these findings as cause and effect is complicated by the fact that enlarged fat cells are obtained from obese humans (4) and obese rats (7, 8) . It is therefore possible that relationships between the volume or lipid content of adipose cells and insulin resistance in vitro are merely coincidental and reflect an alteration in the general in vivo hormonal environment in overweight humans and rats.
A precise evaluation of the influence of adipose cell enlargement on its function requires that metabolic studies be performed on fat cells of different sizes prepared from the same fat depot. In the present investigation we have used an indirect approach to the problem, taking advantage of the fact that human subcutaneous fat cells are generally larger than those prepared from the greater omentum. It was thus possible to carry out paired comparisons in vitro of the metabolism of differently sized fat cells derived from a common in vivo internal environment. The data from different subjects were also examined to determine whether there was a correlation between the volume and metabolism of a fat
The Journal of Clinical Investigation Volume 49 1970 cell independent of factors such as age and relative body weight. We reasoned that if both sets of analyses showed that adipose cell volume was the common factor in accounting for differences in cellular function within and between subjects, then this would be strong supportive evidence for an effect of cellular enlargement on metabolism.
METHODS
Source of adipose tissue. Samples of fat (8-12 g ) were obtained from the subcutaneous tissues of the anterior abdominal wall and from the greater omentum of 31 subjects who were undergoing elective abdominal surgery. Operations were performed in the mornings after an overnight fast. Morphine and atropine or their derivatives were used for premedication. Anesthesia was induced with thiopentone sodium and maintained with nitrous oxide and halothane. Tissues were removed between 60 and 90 min after induction of anesthesia. On the basis of previous reports (9, 10) it has been assumed that variations in the duration and depth of anesthesia did not significantly affect the metabolism of subcutaneous and omental fat cells in vitro.
Relevant clinical data as well and individual values for adipose cell volume are shown in Table I 7  74  8  33  9  68   10  44  11  46  12  72  13  46  14  59  15  44  16  28  17   38  18  60   19   76  20  56  21  58  22  33  23  29  24  43  25  51  26  26  27  65  28  33  29  64  30  42  31  50 1-21 48* 1-31 46* (11) averaged 6.7% in excess of ideal (range -19% to +40%). Paired comparisons of adipose cell volume (expressed here as micrograms triolein per cell) carried out on 29 of the 31 subjects showed a highly significant difference (P<0.001) between the volumes of subcutaneous and omental fat cells, the volume of the former being 57% in excess of the volume of omental fat cells. Metabolic studies were performed on fat cells prepared from subjects 1-21. In this subgroup the mean difference in volume between omental and subcutaneous fat cells was 75%o. Methods for estimating adipose cell volume are described below. The data in Table I show a considerable range of variation in the absolute differences in volume between omental and subcutaneous fat cells. Such differences bore no clear relationship to the type of operative procedure and were independent of the volume of omental fat cells and the indices of relative obesity used in this study. However, they were positively correlated with the volume of subcutaneous fat cells (r = 0.540; P < 0.01) and inversely related to the age of the subjects (r = -0.358; P < 0.05), suggesting that absolute differences in volume between these two types of fat cell will vary according to the method of selecting subjects for study. Under the circumstances, the finding of a signifiacnt, but rather poor correlation (r = 0.591; P < 0.001) between the volumes of subcutaneous and omental fat cells was not unexpected; as shown in Fig. 1 , the scatter of points was most apparent with the larger fat cells.
General incubation conditions. Incubations were performed in siliconized flasks (12) at 370C under an atmosphere of 95%o O-5% CO2 using a shaker water bath set at 60 cycles/min. Two buffer systems were employed: (a) Krebs-Ringer bicarbonate buffer containing half the suggested concentration of-calcium ion (13) Incorporation of glucose into glyceride-glycerol and glyceride-fatty acids. 0.5 ml aliquots of concentrated fat cell suspensions were dispensed into 0.5 ml Krebs-Ringer bicarbonate buffer containing 0.5 ,uCi glucose-U-"C and incubated in triplicate flasks for 4 
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* Mean values ±-SEM; n = 20.
$, § Indicate P values <0.001 and <0.01 respectively (control vs. insulin) obtained by paired comparisons using the analysis of variance. There were no significant differences (P >0.05) when omental and subcutaneous fat cells were compared.
1 1 Antilogs of the means of logarithmic transformations of the data; n = -20.
corporation of isotope into glycerol and fatty acids have been described previously (12, 17) . The properties of the present in vitro system have also been detailed in another report (17) wherein attention was drawn to the fact that significant rates of incorporation of glucose-U-`4C into glyceride-fatty acids by human fat cells required the use of concentrated cell preparations. Such preparations have been employed routinely in the present investigation. However, differences in the total numbers of fat cells added to the incubation flasks in the various comparisons were unavoidable, even though the ratio of the volume of packed cells to that of the incubation medium was constant throughout. The significance of variations in the number of fat cells per flask (range 0.5 X 106 to 4 X 106 cells) was assessed retrospectively by determining whether this variable was related to the rate of glyceride-fatty acid synthesis from glucose expressed per 106 cells. As no such correlation was demonstrable with either omental (r = 0.290) or subcutaneous (r = 0.049) fat cells, it seems unlikely that variations in cell number significantly affected measurements of fatty acid synthesis in these concentrated preparations. Determination of adipose cell size and number. Aliquots of concentrated fat cell suspension were diluted on a siliconized glass slide at room temperature with Krebs-Ringer bicarbonate buffer and examined under a cover glass supported on a thick layer of silicone grease. The diameters of at least 300 cells from each sample of adipose tissue were measured at random by means of an eyepiece micrometer calibrated against a standard scale. Fat cell suspensions were maintained in Krebs-Ringer bicarbonate buffer at 370C for up to 3 hr before examination after preliminary studies had failed to show any systematic changes in cell size during this period. Furthermore, serial observations as well as comparisons' with glutaraldehyde-fixed cells (14) indicated 'The Radiochemical Centre, Amersham, England. Ascending paper chromatography of the glucose-U-14C in isopropyl alcohol-n-butanol-water 70: 10: 20 v/v revealed a radiopurity of 97%.
that the diameters of human fat cells were stable under the conditions employed for determining cell size.
Cell volume was calculated from the mean and the variance of the diameters (8) and was expressed as micrograms of triolein. The number of fat cells was derived from the total lipid content of the incubation mixture (18) divided by the average lipid content per cell. This calculation is based on the assumption that the external dimensions of a fat cell accurately reflect the volume of storage triglyceride. Its validity may be judged from the observations of Hirsch and Gallian (14) who showed that comparable values for adipose cell lipid are obtained from direct estimates of cell diameter as well as from the total lipid content of the sample divided by the number of fat cells. The precision of the present estimates of cell number may be gauged from the coefficients of variation 6 of duplicate determinations of cell volume (3.9%; n = 10) and total lipid content of the sample (2.5%o; n = 20). All metabolic parameters measured here have been corrected for the number of fat cells in the sample and expressed per 106 cells.
Estimation of relative obesity. Relative obesity was derived from two parameters, weight in excess of ideal body weight at age 20-24 yr (11), and from body weight + (height)2 (W/H2). Each of these parameters appears to be a satisfactory simple estimate of relative obesity in this population wherein variations of body weight per unit of height or bulk largely reflect variations in body fat content (19) . We emphasize that in determining ideal body weight no correction has been applied for an increase in weight with age, which represents progressive deposition of fat in this community (20 
RESULTS
Comparisons of glucose metabolism and glycerol production in omental and subcutaneous fat cells
Glucose metabolism (Table II) . Omental and subcutaneous fat cells incorporated glucose-U-14C at virtually identical rates into total glycerides, glycerideglycerol, and glyceride-fatty acids under basal conditions and when incubations were performed in the presence of 1 mU of insulin. There were also no significant differences between the two types of fat cell in regard to their responsiveness 7 to insulin or the distribution of glucose label between glyceride-glycerol and glyceridefatty acids.
Glycerol production. The rate of basal lipolysis exPercentage increase over the rate of basal lipogenesis from glucose or the percentage increase over basal glycerol production.
pressed in terms of 106 cells was almost twice as great in subcutaneous as in omental fat cells (Table III) . Subcutaneous fat cells also exhibited consistently higher absolute rates of glycerol production than omental fat cells when lipolysis was stimulated submaximally by 0.05, 0.1, and 0.5 mm theophylline (Table III) . The stimulation of glycerol production over basal values was greater with subcutaneous fat cells when theophylline was present at a concentration of 0.05 mmole/liter; but no significant difference in responsiveness between the two types of fat cell was observed when lipolysis was further stimulated by higher concentrat ons of this compound. On the other hand, in the presence of epinephrine (Table IV) there was no statistically significant difference in the absolute rates of glycerol production between subcutaneous and omental fat cells. This indicates that both types of cell were capable of approximately equal rates of lipolysis when exposed to submaximal stimulating concentrations of epinephrine.
As might be expected from these findings, the relative stimulation with epinephrine was greater in omental fat cells and attained statistical significance at concentrations of 0.5 and 1.0 Ag/ml. 5 uU/ml of insulin inh bited the lipolytic effects of 0.5 Ag/ml of epinephrine to an equivalent extent in bobh types of fat cell (Table IV) . production were independent of variations in age, excess body weight, and W/H' (Table VI) .'
Omental fat cells (Table VII) . Here also there were highly significant interrelationships between the absolute rates of glycerol production under the various conditions of incubation employed. The responsiveness of omental fat cells to epinephrine, epinephrine plus insulin, or theophylline was unrelated to age, relative obesity, or cell volume (data not shown); variations in age bore no relationship to the absolute rates of glycerol production. However, cell volume, excess body weight, and W/H2 each exhibited highly significant positive relationships to the absolute rates of glycerol production under basal conditions and when epinephrine, epinephrine plus insulin, or theophylline were present. Partial correlation analysis showed that the relationships between adipose cell volume and rates of glycerol production were independent of variations in age, excess body weight, and W/H2 (Table VI) .
It was apparent from the correlation analysis that variations in the absolute rates of glycerol production in fat cells prepared from different subjects could be largely accounted for by variations in adipose cell volume. Therefore, it remained to be decided whether the differences in rates of glycerol production between subcutaneous and omental fat cells could be accounted for on the same basis. In other words it was necessary to show whether the data for subcutaneous and omental fat cells constituted a single regression line y (log glycerol production per 106 cells) = a + b x (/Ag triolein per cell). Because the correlation analyses and paired comparisons both showed that large fat cells exhibited relatively high rates of basal and theophylline-stimulated glycerol production, attention was focused on these two parameters. With respect to basal glycerol production, the linear regression equations were almost identical in subcutaneous and omental fat cells (Fig. 2) . Likewise, there were no significant differences in the regression lines for glycerol production in the presence of theophylline in subcutaneous and omental fat cells (Fig. 3) , although the parallel nature of the lines was not as impressive as in Fig. 2 . Thus, adipose cell volume appeared to be a common factor in accounting for differences in basal and theophylline-stimulated glycerol production between fat cells obtained from different subjects and between omental and subcutaneous fat cells.
RELATIONSHIP OF GLUCOSE METABOLISM TO AGE, RELATIVE OBESITY, CELL VOLUME, AND BASAL GLYCEROL PRODUCTION The volume of subcutaneous fat cells was closely related to the rate of incorporation of glucose into glyceride-glycerol under basal conditions (r = 0.670; P <0.001) independently of variations in age or relative obesity. There was a close relationship between the basal rates of glyceride-glycerol synthesis and glycerol production in subcutaneous fat cells (r = 0.853; P < 0.001). When these findings were considered in the light of the close correlation between cell volume and basal glycerol production (Table V) it was evident that the turnover of glyceride-glycerol was increased in enlarged subcutaneous fat cells. In omental fat cells, the basal rates of glyceride-glycerol synthesis and glycerol production were also related (r = 0.460; P < 0.05), but variations in cell volume were not associated with parallel changes in the rate of glyceride-glycerol synthesis from glucose. Aside from these findings, there was no evidence to indicate that factors such as age, relative obesity, or adipose cell volume affected the absolute rates of glucose metabolism in omental and subcutaneous fat cells. Furthermore, the capacity of insulin to stimulate the incorporation of glucose into glyceride-glycerol or glyceride-fatty acids by omental and subcutaneous fat cells was unrelated to age, relative obesity, or adipose cell volume. (25) . Under the circumstances it was interesting to find that the differences in rates of basal and theophylline-stimulated glycerol production observed between omental and subcutaneous fat cells could be accounted for by differences in their respective volumes. This suggests that the anatomical site of the fat depot from which the cells were prepared was not an important determinant of lipolytic activity. The virtually identical patterns of basal and insulinstimulated lipogenesis from glucose in omental and subcutaneous fat cells provide further evidence which indicates that the metabolism of omental adipose tissue is basically similar to that of subcutaneous fat. The discrepancy between the present observations and those of earlier comparisons which showed higher rates of glucose oxidation, esterification, and neutral lipid synthesis in omental fat cells and pieces of omental adipose tissue (12, (26) (27) (28) may well be more apparent than real. Here, we have corrected the results for differences in the numbers of subcutaneous and omental fat cells, whereas this was not the case with earlier studies. The fact that subcutaneous fat cells were generally larger than omental fat cells indicates that data expressed per unit weight of tissue or per unit weight of adipose lipid will yield a relative overestimate of the metabolic activity of omental fat. It is also likely that the extent to which the metabolism of omental adipose tissue is overestimated will vary from one study to another because the absolute differences in volume between subcutaneous and omental fat cells were not constant, but varied inversely with the age of the subject and directly with the volume of subcutaneous fat cells.
The finding of higher rates of lipolysis and synthesis of glyceride-glycerol from glucose in large fat cells was unexepected because similar observations have not been reported previously in human adipose tissue. The most consistent data were positive relationships of cell volume to the absolute rates of basal and theophyllinestimulated glycerol production. These correlations were not only similar in omental and subcutaneous fat cells, but also were of a surprisingly high order of magnitude considering the variability of biological systems. Furthermore, partial correlation analysis indicated that the associations were independent of age and relative obesity. We emphasize that the basic limitations of (29) . In view of the inherently greater responsiveness of rodent-adipose tissue to the stimulatory effects of insulin on glucose metabolism, the possibility remains that technical difficulties with human preparations are responsible for these apparent species differences. By comparison with studies on glucose metabolism, it is evident from this and other reports (9, 16, 25) that the effects of agents such as catecho!amines, insulin, and theophylline on lipolysis are readily demonstrable in human fat cells. Hence, the observation that adipose cell volume bore no relatfonship to the lipolytic effects of theophylline, or the inhibition of epinephrine-stimulated lipolysis by insulin appears to be valid within the limitations of the group of subjects examined. In contrast, paired comparisons of subcutaneous and omental fat cells indicated a decreased responsiveness of enlarged fat cells to stimulation of lipolysis by epinephrine. The reason why correlation analysis failed to reveal a formal relationship between cell volume and response to epinephrine in either type of fat cell is uncertain. However, these negative findings may mean that some critical degree of cellular enlargement is associated with a decreased response to epinephrine. Such a phenomenon would be consistent with the finding of an association between cellular lipid content and resistance to the lipolytic effects of epinephrine in the subcutaneous fat of nonobese children and the absence of this relationship in the subcutaneous adipose tissue of obese children (30) .
